Abstract Understanding of the ecology of arbuscular mycorrhizal fungi comes primarily from the order Glomerales, and relatively little is known of the ecology of other orders including the Paraglomerales. We investigated the distribution of the Paraglomerales across the English agricultural landscape under different management systems. Soils were collected from 11 tilled agricultural sites. Presence of Paraglomerales was assessed using PCR amplification of 18S/ITS region ribosomal DNA isolated from trap plants, terminal restriction fragment length polymorphism and cloning. Paraglomus spp. were detected in all samples from one location and sporadically in six more, but not at the other locations. Distribution was not related to soil physiochemical characteristics, but the Paraglomaceae were significantly more common in soils under organic management. Cloning of samples from three sites produced sequences closely related to Paraglomus laccatum but only distantly related to Paraglomus brasilianum and Paraglomus occultum. Individual sites had between 10 and 27 separate terminal restriction fragments (T-RFs). The large number of T-RFs reflected a significant sequence diversity in the ITS region. Paraglomerales were, therefore, widely distributed across the agricultural landscape, though with patchy distribution and low diversity. More intensive agricultural management appeared to impact negatively on Paraglomus spp.
Introduction
Arbuscular mycorrhizal (AM) fungi form a symbiotic relationship with around 80 % of plant families and are an important part of the soil microbial community. The host plant may benefit from reduced damage by soil pathogens (Lingua et al. 2002; Pozo et al. 2002) , improved water relations (Augé et al. 2004) , increased uptake of some micronutrients (Faber et al. 1990; Kothari et al. 1991) and improved soil structure, (Degens et al. 1996) , although the main benefit AM fungi confer is an increase in host P uptake (Smith and Read 1997) .
Despite the importance of AM fungi, little was known of their ecology until relatively recently because of the inability to identify individual species growing within plant roots. The advent of PCR-based molecular techniques in the last decade has revolutionised the study of AM fungi and led to new insights into their role in structuring plant communities as well as their taxonomy. However, molecular techniques have their limitations, one of which is the lack of a universal primer set which can amplify all AM families while excluding non-AM fungi. Although attempts have been made to develop universal primer sets, they either lack practicality (Kruger et al. 2009 ) or fail to capture all families (Lee et al. Electronic supplementary material The online version of this article (doi:10.1007/s00572-013-0505-z) contains supplementary material, which is available to authorized users.
2008). As a result of their dominance in most ecosystems, primers have tended to focus on the Glomeraceae, meaning that the ecology of other families has been investigated to a lesser degree. One of the earliest and still most commonly used AM-specific primer sets AM1/NS31 fails to amplify DNA from some AM fungal orders including the Paraglomerales (Daniell et al. 2001; Schüßler et al. 2001) . Indeed, there has been some difficulty in developing primers specific to this group (Renker et al. 2003; Wirsel 2004 ). This failing is compounded by the fact that spores of Paraglomus spp. are very similar to those of some Glomus species in the order Glomerales, resulting in traditional spore-based techniques of identifying AM fungi also often failing to identify the presence of Paraglomus species. As a result, Paraglomus-type spores have often been grouped with other spores in the literature (e.g. 'Glomus occultum… and G. occultum-like spores', ; 'G. occultum, Glomus aggregatum-like and Glomus microaggregatum ', Franke-Snyder et al. 2001 ; 'comprises Paraglomus occultum and Glomus albidum ', Oehl et al. 2003) . Indeed the Paraglomerales were not recognised as a separate group until molecular based phylogenetic techniques became available (Morton and Redeker 2001) . Though morphologically similar to some Glomerales and previously classified as Glomus species, they are now recognised as being phylogenetically distant. The order is monogeneric, and currently, there are just four species recognised in a single genus Paraglomus within the family Paraglomeraceae, and these are P. occultum, P. brasilianum, P. laccatum and the recently described P. majewskii (Blaszkowski et al. 2012) . They remain a poorly investigated group, and there is some doubt about their diversity, particularly whether all cultures identified as P. occultum are conspecific, and as a result, there may be greater diversity within the Paraglomerales than is currently recognised ). While P. brasilianum has distinctive spores, those of the other three species are more similar and less easy to differentiate (Blaszkowski et al. 2012) . Recent primer development (Hijri et al. 2006; Lee et al. 2008; Krueger et al. 2009 ) has enabled Paraglomus spp. to be successfully amplified, but little data have yet to emerge in the literature regarding their ecology, and they remain a neglected group. What evidence we do have suggest that the Paraglomerales may have an interesting ecology, with Paraglomus spp. forming a significant component of the AM community at some sites (Kurle and Pfleger 1996; Oehl et al. 2003) while being absent or rare at others (Hendrix et al. 1995; Kurle and Pfleger 1996; FrankeSnyder et al. 2001; Galvez et al. 2001; Hijri et al. 2006; Lumini et al. 2010; Drumbell et al. 2011) . In this work, we sought to address the question of how widely distributed species of Paraglomus are in tilled agricultural soils, which of the four species is most common and the extent to which agricultural management and soil properties influence their distribution.
Methods and materials

Sites
Eleven sites were selected across England (Table 1, Fig. S1 ) including arable, arable/horticultural and horticultural farms. Arable cropping was mainly small grains, wheat (Triticum spp. L.) and barley (Hordeum vulgare L.) with break crops of either beans (Vicia spp. L.) or oil seed rape (Brassica napus L.). Horticultural cropping consisted predominately of vegetables, including brassicas, with occasional small grain break crops, while horticultural/arable rotations were a mixture of small grains with occasional vegetable crops, usually potatoes (Solanum tuberosum L.). Soil type varied between sites (Table 1) . Inversion tillage was the primary form of tillage at all sites.
At each site, a field managed under organic principles and a field managed conventionally, but with a similar cropping history, were selected. The selection of paired organic and conventional fields was intended to address the question of whether different agricultural practices influence the occurrence of Paraglomus spp. in agricultural soils. Soil types were identical in the two fields at each site.
Soil collection and analysis
Soils were sampled in February 2003. In each field, five contiguous 10×10-m plots were marked out as a transect. From within each plot, 20 soil cores (0-30 cm) were collected with a 5-cm diameter soil auger and pooled to provide a sample approximately 5 kg in weight. Each soil sample was passed through a 6-mm sieve before analysis for total organic carbon (acid dichromate wet oxidation), total P (acid digestion (aqua rega/HF)), extractable P (Olsen 1954) and pH (H 2 O) in a soil to solution ratio of 1:5. The soils showed a spectrum of pH, organic matter and total and available P contents (Table 2) .
Identification of Paraglomerales
In order to assess whether Paraglomus species were present and active in the soils from each field, a trap plant method was employed. This method was chosen in preference to direct sampling of field roots to standardise AM sampling conditions between sites and fields as much as possible and to remove differences in crop plant and climatic variables as confounding factors (van der Gast et al. 2011) . Direct sampling of field soil was rejected because we anticipated that the Paraglomerales would be rare, and therefore, direct extraction of soils involving small samples of less than 1 g might potentially miss propagules or colonised root fragments. Our trap plants in contrast were able to 'sample' 200 g of soil.
Soils were adjusted to 40 % water holding capacity (WHC) and 200 g fresh weight placed into plastic plant pots. Three onion seeds (Allium cepa cv. Balstora) were sown into each pot, and individual pots were sealed in Sunbags (Sigma Chemical Co., Poole, Dorset) to prevent cross-contamination (Walker and Vestberg 1994) . The pots were placed in a glasshouse in a randomised block design. Glasshouse temperature was maintained under a 20/15°C day/night regime. Pots were weighed weekly and watered with deionised water to maintain soil at 40 % WHC. Seedlings were harvested after 14 weeks, and the roots and shoots were separated. Roots were washed in deionised water, cut to approximately 2 cm lengths and mixed thoroughly. Approximately 500 mg of roots were retained for DNA extraction. In order to determine if Paraglomus species had colonised trap plants, a combination of terminal restriction fragment length polymorphism (T-RFLP) of 18S/ITS region ribosomal DNA (rDNA) and cloning and sequencing was employed.
DNA was extracted from 100 mg root samples using the DNeasy Plant mini kit (Qiagen, Crawley, UK) following the P data are means of transformed data manufacturer's instructions. 18S/ITS rRNA gene fragments were amplified using the specific primer Para1313, with the universal primer ITS4. Though a number of primers had been published at the time this work was conducted, which purport to amplify AM fungi from the Paraglomerales (e.g. Redecker 2000), we found that some lack specificity, producing many false positives, even with pure cultures, a result supported by other authors (Wirsel 2004) . In contrast, we found the primer pair Para1313/ITS4 (Hijri et al. 2006) to be effective in amplifying Paraglomerales. Initial PCR amplification was conducted using the general eukaryotic primers NS5 and ITS4 (White et al. 1990 ) in a 25-μl reaction mixture containing 0.25 μl of each primer (25 ρm μl
), 1 μl of bovine serum albumin (BSA), 21 μl of MegaMix (Microzone Ltd.) and 2.5 μl neat DNA, using conditions described in Hijri et al. (2006) . Products from this PCR were visualised on a 1.3 % agarose gel. Where a band of the expected size (c. 1,500 bp) was visible, product from the first PCR was diluted 1:100 in water or 1:1,000 where the band was very strong. Where no band was visible, product was diluted 1:10. Diluted product was then used as a template in a nested PCR using the primers ITS4 and Para1313 (Redeker et al. 2003; Hijri et al. 2006) , and reaction mixture was as follows: 1 μl each of ITS4 and Para1313 Hex and 6-carboxyfluorescein (FAM) fluorescent labelled, respectively (25 ρm μl
), 1 μl of BSA, 42 μl of MegaMix and 5 μl of DNA. Reaction programme was follows: 1 cycle for 3 min at 95°C, 35 cycles of 45 s at 95°C, 50 s at 62°C and 90 s at 72°C, followed by a final extension of 10 min at 72°C.
Products from the second PCR were visualised on a 1.3 % agarose gel. Where a product of the correct size (c. 1,100 bp) was identified, T-RFLP was conducted as follows: PCR products were cleaned using the QIAquick PCR purification kit (Qiagen, Crawley, UK) and then digested with the restriction endonuclease MboII (Promega, Madison, USA) at 37°C for 4 h. This restriction enzyme was shown to be the most effective at providing diagnostic T-RF for published sequences of P. occultum (AJ006799) and P. brasilianum (AJ301862) using the Restriction Enzyme Mapping Application software package (http:// bioperl.macaulay.ac.uk/startForm.htm), with P. occultum generating a unique T-RF at 143 bp and P. brasilianum at 434 bp, and both strains giving a T-RF at 221 bp. Published sequences across the Para1313 and ITS4 regions were not available to provide comparative information for P. laccatum or P. majewskii.
Digestion products were purified and run on the Applied Biosystems 377 automated DNA sequencer. Data from T-RFLP were analysed with the aid of the programme GeneMarker® v1.5 (SoftGenetics.com) for peak calling. As most T-RFLP traces were 'clean' with very low noise levels, there were no size or area cut-offs used for peak calling, and all clear peaks were included in the analysis provided that a peak of that size occurred in at least two samples. The exception was those peaks below 75 bp in size which were excluded because of uncertainty in distinguishing true peaks from the primer peak.
Verification of bioassay and molecular profiling approaches using Paraglomus cultures In order to be sure that our methodology was able to detect and identify the described species of Paraglomus, we obtained pure cultures of three of the four described Paraglomus species in the form of a mixture of sand, root fragments and spores. For P. brasilianum and P. occultum, cultures BR105 and IA707, respectively, were obtained from the International Collection of Arbuscular Mycorrhizal Fungi at the University of West Virginia, USA. For P. laccatum, culture Attempt-694 was a gift from Dr. Chris Walker.
Inoculum was added to a mixture of 50/50w/w sand and Terragreen in 9-cm plastic pots. Into the inoculated mixture, pre-germinated onion seeds were planted, and the pots were placed in sunbags and treated as described above. After 30 weeks, plants were harvested. Roots were washed in deionised water and examined under a dissecting microscope for evidence of colonisation after staining with aniline blue (Grace and Stribley 1991) . In addition, samples of the sand-Terragreen mixture were washed through a series of sieves onto a 38-μm sieve, and the material retained on this sieve was examined for AM fungal spores.
To determine the possibility of primer bias adversely impacting on our results, we sought to determine that our reaction conditions could amplify Paraglomus species when they were present in roots. DNA was extracted from 600 mg samples of onion roots and sand-Terragreen colonised by each of the individual Paraglomus species used to assess colonisation potential. In addition, DNA extractions were carried out on mixtures of roots colonised by three species. Approximately 200 mg of roots and sand-Terragreen of each of the three species were extracted together as described above. PCR reactions were carried out on mixed and singlespecies DNA extractions as described above. DNA, extractions and PCR and T-RFLP reactions were carried out in triplicate using the procedures described above.
Cloning reactions and sequence analysis
To confirm that our PCR reaction was amplifying only Paraglomus rDNA and to verify results of T-RFLP, PCR products from three fields were cloned. DNA from the Wellesbourne conventional field, the Duggleby conventional field and the Tarlton organic field was amplified as described above with unlabeled primers. Duplicate reactions were completed for each site, in order to obtain sufficient DNA, and pooled before PCR clean-up. Analysis of T-RFs from across the sites indicated that most T-RFs obtained in the study were found at these sites. PCR product was cloned using the Qiagen PCR cloning kit (Qiagen, UK). Sequencing reactions were conducted using the PRISM BigDye Terminator Cycle Sequence reaction kit (Applied Biosystems, Foster City, USA), with products analysed on the Applied Biosystems 377 automated DNA sequencer. DNA sequences were edited and assembled using the DNAstar II sequence analysis package (Lasergene, Inc., Madison, USA). Sequences were compared with those on the European Molecular Biology Laboratory (EMBL) DNA database. T-RF lengths were calculated for cloned sequences using the Restriction Enzyme Mapping Application software package.
Data analysis and statistics
All statistical analysis was carried out in GenStat (GenStat 2007, tenth edition) unless otherwise stated. The number of fields showing PCR bands under conventional and organic management was compared using paired t test. All analyses of T-RFLP bands were done on ITS4 Hex-labelled fragments only, as these showed a much greater diversity, both from in silico digests of clone sequences and in the T-RFLP data. Mean number of peaks per sample was compared with two-way ANOVA (site and management practice), and the relationship between the number of T-RFs per sample and the soil parameters was explored using partial Pearson correlation. Estimates of true T-RF diversity present in each field were made using the EstimateS 8.0.0 (Colwell 2006). Chao 1, Chao 2 and Jackknife 1 and 2 were calculated without replacement using 50 randomisations.
Structure of the T-RF 'populations' was explored using the peak presence/absence data. Sorensen (Bray-Curtis zero adjusted) similarity coefficients were calculated between individual fields, and clustering of fields was visualised using non-metric multidimensional scaling (NMDS). NMDS is an unconstrained ordination method which has the advantage of being highly robust to violation of assumptions (Minchin 1987) . Significance of clustering in NMDS was assessed using multi-response permutation procedure (MRPP) again using Sorensen similarity. At two sites with multiple positive samples (Duggleby, Ryton and Wellesbourne), differences in a community structure between conventional and organic fields were explored further using NMDS and MRPP as described above, and all calculations were carried out in PC-ORD version 5.06 (McCune and Mefford 2006) .
The phylogenetic relationship of clones obtained from Wellesbourne, Duggleby and Tarlton with database sequences was explored using the Phylip software package (version 3.67; Felsenstein 2007) . Sequences were aligned in MegAlign 5.03 (DNAStar, Inc., USA) and checked manually. Sequences were bootstrapped to give 1,000 replications and then compared using the Kimura two-parameter model to calculate distances with gamma distribution set at 0.5. The neighbour-joining method was used to construct phylogenetic trees, and then a consensus tree was arrived at. No published sequence data for P. majewskii are currently available for the ITS region.
Results
All three tested species of Paraglomus successfully colonised onion roots in the sand/Terragreen mixture using singlespecies inoculum. Examination of roots showed evidence of characteristic mycorrhizal structures, hyphae and vesicles. In addition, spores were extracted from P. brasilianum and P. occultum cultures by sieving. They were small and hyaline, characteristic of Paraglomus species, but sporulation of P. laccatum was not evident, and no spores were seen. PCR of roots from the three individual species was successful. Several different T-RFs over 75 bp were seen in T-RFLP profiles of P. brasilianum BR105 (142, 143 and 253 bp) and P. occultum IA707 (238 bp); although no T-RF was seen for P. laccatum strain 695, T-RFLP profiles of the mixed DNA extractions included the T-RF characteristic of both P. brasilianum and P. occultum, indicating that a primer bias should not significantly influence our results.
Of the 109 samples of roots from onions grown on fieldcollected soil, PCR product of the correct size was evident in 35 (Table 3) . Previous work using the NS31/AM1 primer set (Simon et al. 1992; Helgason et al. 1998 ) has shown that 98 of these 109 samples contain DNA from the Glomales or Diversisporales (van der Gast et al. 2011), with nine samples having DNA neither from the Paraglomerales nor Glomales or Diversisporales. This indicates both the relative rarities of these Paraglomus spp. over the landscape and suggests that factors causing the absence of Glomales and Diversisporales from a site similarly impact on the Paraglomerales, as no sites contained Paraglomerales but not Glomales or Diversisporales.
At sites where DNA from Paraglomus spp. was identified, the frequency of occurrence varied markedly. At the Wellesbourne and Duggleby sites, all plots produced a positive result (except one), while at the Tarlton site, all plots in the organic field produced a positive result, but soil from just one plot in the conventional field produced a positive result. Evidence of Paraglomerales in soils from other sites was sporadic, with no field producing a positive result for these species from all samples. At three sites, there were some positive results from samples from the organic field, but no positive results from the conventional fields. In contrast, at no site did the conventional field produce a positive result, and the organic soil, a negative one. Overall, there was a significantly greater occurrence of a positive product in the organic soils than the conventional (P<0.03).
At three sites (Epworth, Kirton and Great Coxwell), no plants grown on soils from either the organic or conventional field produced a positive result.
T-RFs occurred in all samples where a PCR product of the correct size was identified on agarose gel, although TRFs with a FAM label (Para1313 end) were absent in many samples including all the Duggleby organic and Ormskirk samples, suggesting that sequences had a restriction site close to the primer. As a result, all subsequent analyses were done on the Hex (ITS4)-labelled fragments, although in the case of one Fosdyke sample and one Ormskirk sample, the only Hex-labelled peaks were less than 75 bp. These samples were not included in further analyses because of the possibility of confusing small T-RFs with the primer peak.
There were a large number of T-RFs identified in many samples. Soils from most fields produced more than 20 different T-RFs, with two sites producing more than 30 (Table 3) . Estimates of true richness were generally close to measured richness for each field (Table S1 ), indicating that our sampling effort was sufficient to capture most of the sequence diversity. There was no significant difference in the mean number of TRFs between conventional and organic management systems where both organic and conventional fields produced a product (P 0.7). The difference in the mean number of T-RFs between sites was significant (P 0.02).
Soil characteristics did not appear to have an influence on the distribution of Paraglomus spp., despite large differences between sites, particularly for soil organic matter and extractable P (Table 2 ). There was no common feature linking soils either with or without Paraglomus spp., and there were no significant correlations between the number of T-RFs and any of the soil physicochemical characteristics, including pH, organic matter and total and available P contents.
Examination of the actual T-RFs obtained from different sites and fields revealed no obvious clustering of conventional and organic fields (Fig. 1) , and MRPP confirmed that management system had no significant effect on clustering (P 0.3). The effect of conventional versus organic management was explored further at the three sites (Duggleby, Ryton and Wellesbourne), where there were multiple positive results in conventional and organic fields. Duggleby was the only site where organic and conventional T-RF patterns clustered separately (data not shown, MRPP, P 0.04). When the structure of T-RF patterns at different sites was compared (i.e. conventional and organic communities combined), there was found to be a considerable overlap; however, separation between sites was significant (MRPP, P 0.03), indicating that different locations supported different T-RF communities (Fig. 2) .
A combined total of 117 clones were successfully sequenced from the Wellesbourne, Duggleby and Tarlton sites. The clones showed a high degree of similarity to Paraglomus sequences contained in the EMBL database, with no evidence of contamination by other mycorrhizal families or non-mycorrhizal fungi. Figure 3 shows the relationship between representative clones from Wellesbourne, Duggleby and Tarlton with named accessions and environmental sequences produced by Hijri et al. (2006) using the same primer set, based on a 450-bp fragment of our cloned sequences from the ITSI/II and 5.8S region. Sequences were deposited in the EMBL database with designated accession numbers from FN555262 to FN555292. Clones from Wellesbourne and Duggleby were most closely related to P. laccatum AM29549 and were also very similar to environmental sequences obtained from an arable field in Switzerland (Hijri et al. 2006) , showing more than 94 % similarity in all cases. Cloned sequences from Tarlton formed a separate clade from the described species and sequences from Wellesbourne, Duggleby and Switzerland. This clade was highly supported by the bootstrap analysis, Standard error is shown in parentheses ND no data a Only four samples were analysed as the fifth trap plant died >97 %, but these sequences were also closely related to P. laccatum, showing less than 5 % divergence, compared with at least 15 % divergence from both P. occultum or P. brasilianum sequences. There was a generally good agreement between the size of the largest T-RF peaks and the size of T-RFs obtained from the cloned sequences. Matches were within the normal range encountered with T-RFLP (Burke et al. 2005; Dickie and Fitzjohn 2007) . The large number of different T-RFs derived from clones was the result of multiple base insertions/deletions in the ITS regions of the sequences. The 5.8S region was much less variable in our clones. Table 4 shows the distribution across sites of those T-RFs which corresponded with the size of T-RFs derived from clones from the Wellesbourne, Duggleby and Tarleton sites. Some T-RFs such as of 170 and 194 bp were more common in organic fields, while none appeared to be more associated with conventional fields. T-RFs of 401, 404 and 405 bp were ubiquitous, occurring in all fields where Paraglomerales were detected, while peak 196 only occurred at two sites.
Discussion
This work demonstrates that Paraglomerales are geographically widespread in tilled agricultural soils in England, occurring over a wide range of soil types and production systems, including organic, conventional, arable and horticultural, but that they may be absent from some locations. However, neither soil P, pH nor soil organic matter appeared to influence the occurrence of Paraglomerales across sites. Although other authors have connected the occurrence of Paraglomus species to soil factors, notably soil P (Kurle and Pfledger 1996; Hijri et al. 2006) ; their conclusions are contradictory, and our results, using multiple sites, suggest no relationship between soil characteristics and the presence of one or more Paraglomus species. However, our results do indicate that management system has an influence, with Paraglomerales being more common in organically managed soils than conventionally managed soils. Douds et al. (1995) also found the Paraglomerales to be more common under organic management, based on results from one site, although other authors have found no systematic difference (Oehl et al. 2003; Hijri et al. 2006) . The absence of any field here where Paraglomerales were detected, but neither Glomerales nor Diversisporales were detected (van der Gast et al. 2011), indicates that the Paraglomerales response to agricultural management is broadly in line with other groups of AM fungi which generally show a negative response to agricultural management (Helgasson et al. 1998) , with conventional management being more deleterious than organic (van der Gast et al. 2011) . Factors driving the difference between organic and conventional management systems are likely to be multiple but may include rotation, soil fertility management, tillage and crop protection technologies (Gosling et al. 2006) .
The lack of difference in the mean number of T-RFs between the conventional and organic management systems at sites where they occurred in both fields, and the lack of difference in the actual T-RFs present was surprising, given the apparent negative impact of conventional production on the occurrence of Paraglomus spp. The exception was the Duggleby site, where there was a clear differentiation between the T-RFs found in each field. This could suggest that different species of Paraglomus at each site were responding in the same way to management practices.
Although the very large number of different T-RFs is indicative of high sequence diversity, the clone data suggest that this diversity, though real, is likely to reflect variability within individual species of Paraglomus and, in the case of the three cloned sites, P. laccatum. There is good evidence Sanders et al. (1995) , for example, identified two different ITS sequences within an individual spore of Glomus mosseae, while Croll et al. (2008) identified multiple ITS sequences in different individuals and populations of Glomus intraradices. Within the Paraglomerales specifically, Nilsson et al. (2008) recorded 3.2 % diversity within a 550-bp region covering ITSI and II and 5.8S regions in six sequences of P. brasilianum and 19.4 % in 12 sequences of P. occultum, although questioned whether the P. occultum cultures were conspecific. Given this high sequence diversity, it is difficult to be certain whether or not any of the other sites contain species other than P. laccatum or more than one species of Paraglomus. There is a need for greater understanding on intraspecific diversity in Paraglomus spp. which requires single-spore studies across reference isolates.
We are not aware of any instances reported in the literature where more than one species of Paraglomus have been recorded at a single site under agricultural management, including high-throughput sequencing studies (Lumini et al. 2010) , although difficulties in correctly identifying Paraglomus spp. from spore morphology leave a question mark over spore-based studies. Our clone data at three sites, together with T-RFLP data from the other eight sites at which Paraglomus spp. was detected, suggest that P. laccatum was the dominant Paraglomus sp. in tilled agricultural soil. Furthermore, studies in a German agricultural soil (Hijri et al. 2006) and an Italian pasture soil (Lumini et al. 2010) found that Paraglomus was represented exclusively by P. laccatum. The fact that spore-based work reports almost invariably the presence of P. occultum is indicative of the limitations of spore-based studies for this particular family of AM fungi. (Hijri et al. 2006) , using also the PARA1313/ ITS4i primer set. (Note that Paraglomus species were previously classified as Glomus species, and the database sequences included here still appear on databases under the genus Glomus). Tree is based on approximately 450 characters in the ITSI and II and 5.8S regions, bootstrapped with 1,000 replications, using the neighbour-joining method. Distance relationships were obtained using the Kimura twoparameter model, with a gamma distance correction of 0.5 used. Numbers before named sequences refer to accession numbers in EMBL database as do numbers after clone names from the three sites, while numbers in brackets refer to terminal restriction fragment sizes for those sequences (PARA1313 and ITS4 ends, respectively). Numbers above branches refer to bootstrap values Trap plants are known to be colonised by different AM fungal communities than field-grown plants (Hazard et al. 2013) , and this could have resulted in underestimation of the diversity of the Paraglomus spp. communities. Clearly, the use of high-throughput sequencing approaches (e.g. Lumini et al. 2010 ) to provide detailed resolution of the structure of root and soil fungal communities provides opportunities to resolve the distribution and diversity of rarer AM fungal taxa such as Paraglomus. If we are only dealing with a single species at each site, then the diversity evident in the T-RFLP data may not be ecologically meaningful. However, at the Duggleby site, different T-RFs were distributed unevenly between the conventional and organic fields, suggesting some niche differentiation. Munkvold et al. (2004) , Koch et al. (2006) and Croll et al. (2008) have all demonstrated significant differences in the degree of host response to different isolates of the same morphospecies of several AM fungi, indicating functional diversity within species, thus suggesting that at least some of our T-RF diversity may represent functionally important differences.
Another interesting aspect of our results was the separation of the clones from the Tarlton site into a different clade from those from the Wellesbourne and Duggleby sites and from an arable field in Switzerland. The relatively high degree of similarity in the context of high rDNA sequence diversity within ITSI and II regions indicates a high degree of relatedness, and thus, that all were P. laccatum, but there was a high bootstrap support for the two clades. Host range was similar at these sites (arable cropping), but the soil at Tarlton was a mildly acidic peat, quite distinct from the mineral soils at Wellesbourne, Duggleby and at the site in Switzerland. Whether this was influential on the development of a different lineage is unclear, but it may suggest, as with the differences in T-RFLP patterns between fields at Duggleby, some degree of niche separation between different lineages of the same species.
In conclusion, Paraglomus spp. were shown to be geographically widespread though locally sporadic in tilled agricultural soils. Major soil nutrient concentrations, organic matter and pH were not indicative of the likelihood of the occurrence of Paraglomus spp. or of the occurrence of specific T-RFs and by inference sequences, but relative to conventional management, soils managed organically were more likely to contain Paraglomus spp. T-RF patterns showed spatial structure, with a tendency to differ between sites, suggestive of a degree of niche differentiation, but specific groups of TRFs were not associated with production systems. A large number of different T-RFs were present at each site, with a good match to cloned sequences, indicative of a high degree of sequence variability. However, only a single species of Paraglomus was present in clone libraries. 
